Introduction
The growing need for information exchange, resulting from the division of projects and the geographical distribution of activities in a Concurrent Engineering context ͓1͔, has created a real use for standardization in data-exchange formats ͓2͔. The increasing diversity and complexity of finite element analysis software compounds the difficulties that appear in the field of the product dataexchange. As a consequence, the interoperability of CAx systems becomes a key factor contributing to success and competitiveness ͓3͔. This observation is consistent with the experience of Snecma Moteurs and the ''COSCAL'' task of European project ENHANCE-ENHanced AeroNautical Concurrent Engineering ͓4͔. The main objective of this project was to develop, test and implement information technology in order to support the industrial co-operation between the partners within the European aeronautics industry. The goal of the implementing data exchange standards is to achieve a significant reduction in the costs and time scales inherent in the translation of file formats and the transfer of data. Within this context, the paper presents results from the ''COSCAL'' task, dealing with the scientific calculation. This paper is organized as follows. In Sec. 2 we introduce the STEP standard and describe Application Protocol 209, upon which this study is based. Afterwards, in Sec. 3 we present the specific scenario of the business case study carried out by Snecma Moteurs and ITP. The development of a translator to convert data from STEP AP209 file format to the native SAMCEF format is detailed in Sec. 4. This translator is developed to test the functionality offered by AP209. Finally, the main issues of the case-studies will be summarized and conclusions drawn concerning the efficiency and the relevance of the STEP AP209 standard.
The STEP Standard
First, it is necessary to introduce STEP in order to identify the possibilities offered by this standard. STEP, the STandard for the Exchange of Product data is an international standard of ISO ͑In-ternational Organization for Standardization͒ referenced ISO 10303 ͓5͔.
The STEP standard aims to define a nonambiguous, computerinterpretable representation of the data related to the product throughout its life cycle. STEP allows the implementation of consistent information systems through multiple applications and materials. This standard also proposes various means for the storage, exchange, and archiving of product data in a strategy of long-term re-use of data ͓6͔.
Main Features of STEP.
The major strength of the STEP standard is to provide a neutral data format, adapted to the life cycle phases of a product, for a large range of application domains. STEP is broken down into several categories ͓7͔:
• Description methods: STEP uses a formal, textual or graphical, modeling language of representation: EXPRESS ͓8,9͔, to describe how the product information must be represented.
• Integrated Resources "IR…: STEP parts are made up of context independent generic resources and common resources specifically defined for an application group.
• Application Protocols "AP…: STEP is composed of a set of protocols which differently represent information related to the product according to the field to which it belongs ͑design, analysis, etc.͒. An AP is the reference for the implementation of the exchange interfaces in software ͓10,11͔. The AP result from selection of certain IR for their uses in a given context.
• Implementation methods: STEP defines data-processing implementation methods ͑implementation of software͒ which allow the translation and handling of the data of an application domain ͑from a physical file or a database͒;
• Methods of conformance testing: STEP specifies how a test can check the conformity of the data-processing implementations of the standard.
STEP covers a broad range of fields ͑electronics, mechanical engineering, sheet metal working, composites material design, ship building, architecture and civil engineering, etc.͒ and lifecycle phases ͑design, analysis, production planning, manufacturing, etc.͒. The extent of these application domains continues to grow as new industrial needs come to light.
STEP AP209.
Each Application Protocol within STEP specifies a data-schema applicable to an industrial field of activity and product lifecycle phase. The Application Protocols are formal representations of the data of a particular field which use and add semantics to data elements defined in the STEP Integrated Resources ͑IR͒. The Integrated Resources are shared models which have the role of ensuring interoperability between the various Application Protocols ͓12͔.
The STEP AP209 ͑ISO 10303-209͒ application protocol specifies formats for the data associated with Finite Element Analysis software ͓13,14͔. The application protocol addresses the exchange of product data related to the design and the structural analysis of homogeneous metals and isotropic or anisotropic composite materials. AP209 takes into account the geometric data of the products ͑parts or assemblies͒, the associated finite element models, the material properties and the results of the FEA processing. In order to ensure interoperability, AP209 is defined to take into account the requirements of the AP203-Configuration controlled design of mechanical parts and assemblies ͓15,16͔. Moreover, AP209 also fulfills some of the AP214 requirements ͑Core data for automotive mechanical design process ͓17͔. According to the STEP standard, AP209 data may be exchanged as physical files which are a textual encoding of the product data ͑ASCII͒. The syntax and organization of data in STEP physical files is described in ISO 10303-21-Product Data Representation and Exchange Structure ͓18͔.
2.3 AP209 Industrial Implementation. AP209 takes into account different kinds of data coming from the Finite Element Analysis of homogeneous metal or composite structures and is capable of supporting a great number of load cases and material properties. However, due to the lack of feedback or experience of STEP applications in FEA, a study was carried out by Snecma Moteurs and ITP to check the efficiency of the AP209. Indeed, STEP AP209 has received little use to date, due to the relative newness of this format, combined with a lack of implementations in commercial CAE and FEA software. At the moment, only a few software systems such as PATRAN ͑pre-processor͒ from MSC Software ͓19͔ and OpenCascade ͑open-source CAx softwarehttp://www.opencascade.org/͒ are available with STEP AP209 data output functionality. In order to check the reliability of this format, the aircraft engine manufacturer Snecma Moteurs decided to develop a prototype translator from STEP AP209 to native SAMCEF format ͓20͔. The main purpose of the development of this kind of translator was to prove that the STEP AP209 can be used to exchange FEA data between remote enterprises to process simulations with local analysis software ͑SAMCEF for Snecma Moteurs͒. SAMCEF is a commercial FE solver developed by SAMTECH Company and used by Snecma Moteurs for mechanical analysis ͑static, nonlinear or dynamic analysis͒ and numerical simulation, such as other solvers like ABAQUS, ANSYS or NASTRAN.
Detailed Framework of the Case Study
The case study was carried out by the group tasked with developing ''COmmon principles for Scientific CALculation'' ͑known by the acronym COSCAL͒ and, more specifically, it was based upon a scenario involving Snecma Moteurs and ITP.
The COSCAL Task.
The main objective of the COSCAL task was to define an engineering and calculation environment, and to improve interoperability between the solvers including those used for finite element analysis ͑FEA͒.
The fields addressed by the COSCAL task were aerodynamics ͑Computational Fluid Dynamics͒, acoustics and structural analysis. The COSCAL task had to approach a large range of technical topics in the three fields defined above. The main subjects were related to the distributed running and viewing of computed analysis, the use of new data-processing technologies such as Java, Corba and XML, the use of the new modeling standards like the CGNS ͑aerodynamics͒, STEP AP209 ͑structural analysis by finite element method͒ and the data management with PDM software ͓21͔.
Business Case Study.
The objectives of COSCAL regarding structural analysis were to test the use of STEP AP203 to communicate CAD geometry and STEP AP209 to exchange FEA data. To implement this work a business case study involving two geographically remote partners, Snecma Moteurs ͑France͒ and ITP ͑Spain͒, was specified. The business case study was organized as follows:
1. to process the geometry of CAD models for two different parts taken from the same assembly, a compressor blade from ITP ͑with IDEAS͒ and the corresponding sector of the compressor disk from Snecma Moteurs ͑with CATIA͒; 2. to jointly define the meshing and loading conditions ͑by e-mailing͒; 3. to model the meshing, loading and boundary conditions based on the CAD models ͑so verifying the import of CAD AP203 data into the finite element environment͒ and to carry out an exchange of the pre-processed parts in order to study the use of the AP209 as the means of exchange; 4. to run a finite element analysis of the assembly with the ITP solver ͑the blade processed by ITP with the disk processed by Snecma Moteurs͒; 5. in parallel, to run a finite element analysis of the assembly with Snecma Moteurs solver ͑the disk processed by Snecma Moteurs with the blade processed by ITP͒. The translator is used here to translate the received AP209 file into the format of the SAMCEF FEA software; 6. to compare the results to determine the feasibility of this kind of collaborative work. Figure 1 illustrates the business case study of distributed analysis and data exchanges between Snecma Moteurs and ITP. The difficulties of translation and product data exchange that were encountered during the implementation of this business case study are fully representative of the data exchange matters of the European aeronautics industry because of heterogeneity of the FEA software used by the companies involved.
3.3 Business Case Objectives. In this business case study, the analysis data exchanges based on STEP AP209 standard was to be addressed. The feasibility of the standardization of the data exchange, based on STEP, was to be demonstrated. The development of a STEP AP209 to native SAMCEF data translator was to be tested.
Development of a STEP AP209 to SAMCEF Translator
The STEP AP209 standard reached the status of International Standard in 2001. For this reason, there is only limited experience of usage related to this standard. It is therefore still difficult to fully appreciate the possibilities offered by STEP AP209 without carrying out specific development work in house. In order to advocate the adoption of this standard on a large scale in the field of aeronautics, it was necessary to be sure of its reliability, its simplicity and its efficiency as regards types of handled data. With this aim, STEP AP209 was tested by the development of a tool capable of reading AP209 data and translating it to a vendorspecific format ͑SAMCEF͒. The objective of the development of Transactions of the ASME this translator was to prove that AP209 can be used as a neutral exchange format between two different structural analysis applications. The development of this tool had two major objectives. The first was to show the simplicity of the STEP standard implementation by developing an application capable of handling STEP AP209 data. The second was to assess the qualities of this standard through its detailed study and the evaluation of the issues of efficiency and accuracy of the file translation. In order to develop a reusable and extendable translator, a programming language suited to the implementation of new functionality had to be chosen. This is why the translator was developed in Cϩϩ. This language is capable of handling objects with numerous attributes such as the geometric and FEA entities. This language allows the easy decomposition of a program into modules dedicated to specific functions. Moreover, this kind of modular program can easily be re-used, updated and improved if the output format has to be modified. The translator architecture is the following:
• Data reading module for STEP AP209: All the data are read line by line from the STEP file and those which are recognized by the application are stored in memory as objects. These objects are instances of STEP classes redefined in Cϩϩ. The structures, the attributes of these classes, are based on the EXPRESS definitions of the entities described in the standard parts. Thus, in the event of development of the translator to provide new functionality, only the translation module will have to be changed.
• Translation module: This translates the data recognized and specified by the user with the help of an algorithm which establishes the mapping between STEP and SAMCEF data.
• Writing module: This writes the data as an ASCII physical file according to the syntax of the SAMCEF native file. A log file is written in parallel. It lists the kind of data translated and their quantity as well as any data which was not recognized by the translation module ͑like an unknown mesh topology͒.
The translator was developed with the objective of demonstrating feasibility and, as such, did not need to be exhaustive. Its development focused upon the translation of the following data types:
• Mesh topology data: quadratic with 4 nodes, triangular with 3 or 6 nodes and tetrahedral meshes with 4 or 10 nodes. • Node relation data: when the surface meshing differs from volume meshing. • Boundary conditions: degrees of freedom of the nodes.
• Loading data: forces and moments applied to the nodes.
• Material properties: density, elasticity modulus, etc.
These data types were selected because of their overall relevance to the data exchange needs of the partners involved in the business case study in the fields of computational fluid dynamics and structural analysis. For all the mesh topologies described above it was necessary to specify a mapping table establishing the relation between the SAMCEF and AP209 data. This table also defines the position of separators which appear in lists of finite element nodes in the native SAMCEF files but not in STEP data models ͑represented by the letters ''O'' in Fig. 3 later͒. The mapping table was directly implemented in the program within the translation module. The program was developed in order to be able to incorporate other mapping relations.
Once the development of the translator was complete, models exchanged in STEP AP209 format were used to test the new data translation capability and the models were re-run using the target FE system.
Case Studies.
A significant number of case studies were carried out in order to assess the efficiency of the AP209 standard. The translations tests were based upon two AP209 files corresponding to compressor parts. The meshing and loading of these parts were different. The two parts were a blade and a sector of the disk into which the blade is inserted. Figure 2 shows the meshed parts models used during case studies.
For information, the blade was meshed with three-dimensional ͑3D͒ tetrahedral elements ͑10 nodes per element͒ and comprised 15500 nodes with 9500 elements. The disk was similarly meshed with tetrahedral elements but with triangular elements ͑6 nodes͒ on the surface and comprised 25000 nodes with 15000 tetrahedral elements and 5000 triangular elements.
The first step of the case studies was to prepare models of the two 3D models using the PATRAN pre-processing software and to export the models as STEP AP209 files. The following step was then to translate these STEP AP209 files of the blade and the disk to the native formats of the pre-processing software of the two partners. Once the files were translated, the compliance of the files was checked visually using the pre-processing software. This preliminary check compared the meshing of models before and after translation. If they appeared identical, the reading and translation were considered to be reliable enough for the next stage of testing. To fully confirm the compliance of the results it was necessary to carry out analysis based on the pre-processed data and to check that the results obtained after translation were consistent and in agreement with the results obtained without translation of the input data ͑the native SAMCEF files were produced by PATRAN͒.
Summary of Results.
The results of the case studies have shown some difficulties implementing the STEP AP209 application protocol and have exposed the translation cost in terms of time.
The 3D models translated during the early case studies showed some inconsistency in the modeling of elements. In fact, the vertex nodes were correctly positioned, because they respected the topology of the meshes, but the edges which connected them were so distorted that the resulting elements were invalid. This problem was due to differences between the STEP rules for the order of the nodes specifying an element, and the ordering required by SAM-CEF. A possible reason for this difference could be that the AP209 specification consortium mainly involved MSC software, Boeing, Lockheed, etc. The order of the element nodes is strongly based on the PATRAN pre-processor and is not fully compatible with the SAMCEF solver. This problem might not be unique to SAMCEF and could occur with other FEA software.
A detailed second reading of the STEP part 104 ͑Integrated Application Resource, Finite Elements Analysis ͓22͔͒ which underlies STEP AP209, as well as the technical documentation of the SAMCEF software, allowed the problem to be solved by redefining the mapping between the two formats. It was necessary to redefine the mapping table for each of the element topologies addressed by the translator to re-order the nodes of the elements for the SAMCEF software in addition to making the previously identified changes in syntax. The creation of this mapping table highlighted substantial differences between the two formats as well as the difficulties in making them consistent. Figure 3 illustrates an example of the syntactic and topological differences which exist between these two file formats for a tetrahedral mesh with 10 nodes.
As shown in Fig. 3 , the order of the nodes in the enumeration fields of the STEP and the SAMCEF entities are quite different. Moreover, the syntax of the SAMCEF format differs from the STEP one due to the presence of additional line and node separators ͑''$'' and ''O'' symbols͒. Once the implementation of the mapping table in the translator was performed, the results of translations and exchanges became useful. Indeed, the two partners checked the quality of translation by performing a simulation and comparing the results. The results were conclusive because they were almost identical ͑less than 1% error, certainly due to the precision of the computing process͒.
The reorganization of the nodes in the meshes leads to additional implementation difficulties. These difficulties doubled the human cost of developing and debugging the demonstration translator ͑to inform, the cost was almost 320 person hours͒. It is also expensive in processing time because it must be performed on each element of the mesh. Indeed, for example the translation of the blade ͑described in Sec. 4.1͒ required 3 minutes with a 1.7 Ghz Centrino processor with 1 Go RAM laptop while it required only 20 s without reorganization processing.
The additional time taken for translation is the other major issue which became evident during the study. Indeed, a STEP AP209 file is often large in comparison to the native format from which it is derived ͑the ratio is almost 3͒ and therefore the recovery of the data takes more time. The STEP standard includes much additional data which is not essential to the basic analysis but is important from a product data management viewpoint. Indeed, these STEP Units of Functionality ͑UoF͒ are not addressed by the SAMCEF format:
• activity -control: the history of part and analysis versions;
• authorization: the approval information;
• effectivity: the planned usage of components in a product model; • end -item -identification: the different product configurations.
What's more, the SAMCEF syntax is more synthetic than the STEP syntax in term of entity size ͑as shown in Fig. 3͒ .
Conclusion
This paper has presented the development of a translator from STEP AP209 to SAMCEF as part of an aeronautics Concurrent Engineering project in order to demonstrate the effectiveness of STEP AP209 in field of FEA.
The study was informative insofar as it highlighted difficulties in implementing the STEP AP209 standard. The main conclusion of this study is that STEP AP209 is fairly easy to integrate in a translator. It remains complicated to acquire a full understanding of STEP due to the volume of information and spread of concepts inherent of the standard, for example the use of the EXPRESS textual or graphical languages. The other difficulty encountered during the development concerns the mapping of the node order of meshes. Indeed, STEP is not directly adapted to all types of element modeling found in FEA software ͑for example SAMCEF͒. To avoid this kind of problem, STEP implementers have to read all the documents ͑parts͒ associated to the AP209 and it is not a sinecure due to the large volume of these ones. In addition, the STEP files can be very bulky, due to the categories of data they contain that are not essential to the conduct of a structural analysis. Their size could also be reduced, without changing the data content, by using a more concise syntax.
Although STEP AP209 is only moderately efficient, the case studies have shown it is reliable once the specific features of the standard are assimilated. STEP AP 209 can fulfill the industrial expectations regarding the standardization of FEA exchange. The implementation of STEP standard would greatly decrease the number of translators in use by the aeronautics partners for the exchange of product data. Furthermore, STEP provides possibilities for the long-term archiving of models, as opposed to the use of legacy data formats which are not able to ensure this, because of the development of the associated software tools. STEP provides a first step towards a standardization of the exchange of CAD and FEA data through the commonality of geometry modeling within Application Protocols 203 and 209. It is necessary to keep in mind that the STEP AP209 format is still relatively young. It only reached the ISO international standard status in 2001 and has received relatively little use since that time.
In conclusion, the detailed study of the standard showed that it is comprehensive and to provide the possibility of developing customized exchange formats to fulfill industry needs, insofar as it provides the necessary methods and tools ͑such as EXPRESS͒. Transactions of the ASME
